INTRODUCTION
An increasing shift from large generation units ("centralized generation") to small generation units ("distributed energy resources" or DER) will lead to a reduction of the fault level in the transmission system. This will have a range of impacts on the operation and security of transmission systems. In this paper the impact on the number of dips as experienced by end-customers will be studied. The reduction in fault level will in general lead to an increased number of dips at the interface between transmission and distribution. The situation as seen from the end-customer is more complicated however. There is no general rule on how the dip frequency for endcustomers is impacted. It depends strongly on the transmission system, on the location and amount of large generator stations taken out of operation, on the type of distributed generation and on the immunity of the endcustomers against voltage dips.
VOLTAGE DIPS IN TRANSMISSION SYSTEMS
The replacement of conventional generator stations by distributed energy resources (DER) like wind turbines leads to a reduction of the fault level. This makes that voltage dips due to faults are spread over a larger area. An example for the north of Germany (with 4000 MW of wind power connected) shows that a fault at 400 kV will lead to a voltage below 70% for distances up to 300 km from the fault [1] . If these wind turbines are sensitive to voltage dips, one single fault may lead to loss of several thousands of MW of generation. This in turn may trigger stability problems in the grid. An approximated expression has been derived in [2] for the number of dips experienced in a transmission substation. The number of dips with residual voltage less than V is approximated by: with N the number of lines originating from the substation, z the line impedance per km at a base S base , λ the number of faults per km per year, and S fault the fault level at the substation. A shift of generation from transmission to distribution will cause a reduction in fault level and thus an increase in the number of dips. A study presented in [3] compares the dip frequency in a transmission system for a high generation scheduling and a low generation scheduling. The low generation scheduling has only half the generation capacity connected to each bus. The result is a significant increase in the dip frequency, especially for locations close to generator stations. For one bus the dip frequency increases by a factor of seven. However for busses that had a large dip frequency already, the increase is less. The impact on dip statistics is summarized in TABLE 1. 
CASE STUDY System Configuration
Part of the UK transmission system has been modelled to study the impact of a reduction in large generation connected to the transmission system. The system data was obtained from the 2004 Seven Year Statement [4] . The case study used for this paper has been based on the 400-kV grid in the North of England and Wales and the 275kV grids around Sheffield, around Manchester and around Newcastle. The remaining part of the 400-kV system was modelled as a number of Thevenin equivalents. The load was taken equal to the one during "NGC peak" according to the 2004 Seven Year Statement. An increase in distributed energy resources (DER) was assumed, equally spread over the system. This was modelled as a reduction in the load as seen from the transmission system. It was assumed that the reduction in reactive power was the same as the reduction in active power The reduction in transmission-system loading results in a reduction of the amount of generator units in operation. It was assumed that the oldest units would be the first to be taken out of operation.
In the open electricity market, the units with the highest marginal costs will be taken out of operation first. The assumption has thus been made that the oldest units are the most expensive ones. No voltage control problem were observed when taking generator units out of operation. In fact, the voltage profile of the transmission system improved due to the reduction in load.
The increase in distributed generation (and the associated reduction in generation connected to the transmission system) 
General Loads
The impact of faults in this system was studied for each of the stages. For a given short-circuit position (a three-phase fault was assumed) the during-fault voltage (residual voltage of the voltage dip) was calculated for each 275-kV and 400-kV node in the system. The impact of the fault was quantified as the sum of all active-power loads that experienced a dip below a certain threshold. An example of the impact of a fault during the different stages is shown in TABLE 3. The stage-0 loads have been used to calculate the impact of the fault. This fault is located in the south-eastern part of the network. As expected the impact of the fault increases with an increase in DER (i.e. with a decrease in large central generation). From a customer viewpoint, the threshold values should be translated into immunity (voltage tolerance, sensitivity) of end-user equipment against voltage dips. For high penetration of distributed energy resources, end-user equipment also includes generation. When the total amount of generation tripping due to a fault is large, the system stability may be endangered. Such dynamic effects have not been considered in this study. These calculations have been repeated for 17 different fault locations equally distributed over the 400-kV grid studied. It has been assumed that all faults have an equal probability of occurring. The sum (or average) of the impacts of each individual fault is in that case a measure for the number of dips experienced by the load. This "total impact" is obtained as the sum of the values as in Table 3 for each of the 17 fault positions. The results are shown in Table 4 and Table 5 ; the former one gives the absolute value (in MW) whereas the latter one gives the relative increase compared to the base case.
The relative increase in dip frequency is shown graphically in Figure 1 ; where the three curves correspond to three values of end-user equipment's immunity against voltage dips. In more standardized terms, the three curves give the relative increase in SARFI-70, SARFI-75 and SARFI-80. 
Hosting Capacity
The values in Table 4 and Table 5 can be used as voltage-dip indices, quantifying the performance of the system. These indices can be used to apply the hosting-capacity approach when a limit value is defined for what is acceptable behaviour [5] [6]. There is however no limit set in any standard on what is an acceptable voltage-dip frequency. An alternative approach is to use the increase in voltage-dip frequency as an index. This has been done in Table 5 . An acceptable limit is set as a maximum-permissible increase in average voltage-dip frequency. If we allow an increase of 25%, the hosting capacity is around 30%. If we allow an increase of 50%, the hosting capacity is at least 60%. Again, the hosting capacity [7] or [8] , is obtained by multiplying the value in TABLE 4 by the total number of faults per year and divide it by the total load connected to the system. As the multiplication factors are independent of the amount of distributed energy resources, the relative increase in TABLE 5 and Figure 1 also holds for the weighted voltage-dip frequency.
Large Industrial Customers
In the transmission system under study, 12 large industrial customers were directly supplied from 14 transmission nodes (at 275 and at 400 kV). The increase in dip frequency as experienced by these large industrial customers has been assessed separately.
The resulting voltage-dip indices are given in TABLE 6. This table gives the average number of dips per fault location below the threshold, experienced by the large industrial customers. To obtain a weighted dip frequency (SARFI) the values should be multiplied by the number of faults per year (for the total 400-kV grid) and divided by the number of industrial customers (12 in this case). The relative voltage-dip frequency (compared to the stage-0 value) is plotted in Figure  2 . As the multiplication factors are independent of the percentage DER, the same figure holds for the weighted voltage-dip frequency. Note the difference in weighting factors. In the first case, weighting was based on the total active power load supplied from the node during the system peak. In the second case the weighting was based on the number of large industrial customers supplied from the node. The resulting weighted dip frequencies (SARFI values) are obviously different, but their general trend with increasing penetration of DER is very similar.
Comparing Figure 2 with Figure 1 shows that the increase in SARFI-80 is somewhat more for the industrial customers than for the average load. Note also that the curves in Figure 2 are less smooth. This is due to the limited number of sites involved (12 versus 26). Overall it can be stated however that the increase in voltage-dip frequency is very similar for the average large industrial customer as for the average load. 
Individual Customers
A study of the increase in dip frequency for the individual industrial customers showed that customers with a high dip frequency before introduction of DER showed the smallest increase. Although individual industrial customers saw an increase in SARFI-80 up to 125% (i.e. 2.25 times the initial value) the highest dip frequency increased by only 40%. The average value increases by 153%. This is in accordance with the study presented in [3] and summarized in 
DIPS AT EQUIPMENT TERMINALS

Impact of DER interface
The presence of generator units at distribution level will mitigate the voltage dip. The dip frequency as experienced by the end customers will be different from the dip frequency at the interface between transmission and distribution network. The size of this mitigating effect depends to a large extend on the kind of interface with the grid. Units with synchronous machines have the ability to mitigate voltage dips due to three-phase faults. Induction generators only contribute to a symmetrical fault during the first one or two cycles. The impact on the residual voltage is thus minor. Both synchronous and induction generators have a small negative-sequence impedance (0.15 -0.2 per-unit) so that they lead to a reduction of the negative-sequence voltage during a non-symmetrical fault. The voltage dip thus becomes more balanced. During a non-symmetrical fault the decay in the positive-sequence current contribution of an induction generator is much slower than during a symmetrical fault, so that it can consider this as a sustained contribution for all but the longest dips. The induction generators behave in this sense similar to the rest of the load, as discussed in [9] . The measurements presented in [9] show how the positivesequence increases and the negative-sequence decreases when moving from the grid towards the load. The presence of synchronous and induction generators at medium and low voltage will further enhance this pattern. Power-electronic interfaces can be designed to somewhat mitigate unbalanced voltage dips as well, but for mitigating balanced dips overrating of the converters is needed [10] .However most power-electronic interfaces will trip rather quickly during a voltage dip as the currents and/or voltages will exceed their design ratings. For most voltage-dip studies it may thus be assumed that power-electronic converters do not contribute anything to the current during the fault. The best way for a power-electronic interface to mitigate voltage dips is to inject as much current as possible, which is the natural state in case the unit is equipped with appropriate current-limitation in its control algorithm [10] . Double-fed induction generators (DFIG) are becoming popular for larger wind-power installations, for connection to medium-voltage as well as to transmission system, in the latter case in the form of wind parks. Here we will only consider installations connected to the distribution system. A voltage dip at the stator terminals of the double-fed induction generator will lead to a large increase in rotor current. To protect the power electronics the rotor is shortcircuited almost immediately. From that moment on the induction generator becomes an ordinary induction machine that typically operates as a motor with a large slip. Such a machine takes several per unit reactive power, which pulls down the grid voltage. Most existing double-fed machines will disconnect from the grid within a few cycles, but during those few cycles the voltage is pulled down by the heavy reactive-power consumption. After tripping of the generator the distribution system will loose some voltage support leading to a somewhat reduced voltage after the dip.
C C I I R R E E D D
Synchronous-machine interface
Consider the simplified system model in Figure 3 . During a fault at transmission level, the synchronous machine can be modelled as a voltage source behind impedance. If we further neglect the load influence on the voltage and the influence of the synchronous machine on the voltage at transmission level, we get the model on the right to calculate the voltage as experienced by the end-customers. The residual voltage (i.e. the voltage with the end-customers during the fault) is found from the voltage-divider model in Figure 3 : If we assume that the back-emf of the synchronous machine E gen is equal to 1 pu, we get the following expression for the drop in voltage during the fault:
The voltage experienced by the end-customers in case there is no generator connected at MV, is equal to U HV so that the reduction in voltage drop is related to the impedance ratio between the transformer and the synchronous generator.
To estimate the impact of this on the number of dips experienced by the end-customers, we use a simplified relation between the number of dips and the residual voltage:
where N 50 depends on the system configuration and the fault frequency. This expression has been derived from theoretical models and has been confirmed from both simulations and measurements [2] .
Combining (2) and (3) gives the following expression for the number of dips at the MV bus (thus as experienced by the end-customer): An example is given in Figure 4 , where a transformer impedance of 0.20 pu and a generator impedance of 0.25 pu have been used. We see that the increase in DER penetration results in a significant reduction in the dip frequency. This reduction will be compensated by the increase in dip frequency at the transmission-system interface. Consider an increase of 40% in the dip frequency at the transmission- 
DISCUSSION AND CONCLUSIONS
An increase in DER penetration and the associated reduction in the amount of large generator stations, will lead to an increase in the number of voltage dips at transmission level. This will at first mainly impact large industrial customers directly supplied from the transmission grid. A case study performed showed a 40% increase in average dip frequency for a DER penetration of 60%. The increase in dip frequency will vary however for different customers.
Calculating the hosting capacity is hindered by the lack of commonly-accepted site and system indices for voltage dips and by the lack of any performance limits. A discussion on this is however outside of the scope of DER integration studies.
The majority of end-customers is however not directly supplied from the transmission grid, but from the low-voltage or medium-voltage distribution grid instead. For those customers the presence of DER at distribution level may reduce the dip frequency. It is shown that the reduction is significant for DER units with synchronous-machine interface connected to the MV network. Such interfaces are common for MW-size combined-heat and power installations. The overall impact of DER depends on the local DER penetration in relation to the global DER penetration.
A high penetration of DER units with DFIG interface, on the other hand, will lead to a significant increase in dip frequency. The dip frequency for end-customers is however not only determined by dips originating at transmission level, but also by dips originating at distribution level. For some locations the latter may dominate and the overall power quality will only show a limited influence of the level of DER penetration. An important conclusion from this discussion is that there is no general rule on how the dip frequency is impacted. It depends strongly on the transmission system, on the type of distributed generation and on the immunity of the endcustomers against voltage dips. A number of aspects not considered in the case study, may also impact the voltage-dip frequency. In parts of the transmission system with a high concentration of large power stations, fault-current reduction techniques are often used (e.g. busbar splitting or series reactors). Shutdown of large power stations will make that these techniques are no longer needed so that the reduction in fault level will be less dramatic. The resulting increase in connectivity may however lead to an increase in the dip frequency, despite the fault level remaining the same. For customers at a location far away from large power stations, with an increasing level of local small generation, the dip frequency may actually reduce. This may be the case for many customers in large urban areas.
